We studied the effects of microinjected drugs and brainstem lesions on motor and limbic seizures in the kindling model of epilepsy. The duration of motor seizures was determined by timing the clonic and tonic movements of the extremities.
The .duration of limbic seizures was determined by measuring afterdischarge recorded on the electroencephalogram.
Bilateral microinjection of a y-aminobutyric acid (GABA) agonist, muscimol, into the area of the substantia nigra (SN) markedly suppressed both motor and limbic seizures induced by stimulation of amygdala, olfactory structures, or lateral entorhinal cortex. Microinjection of saline did not suppress seizures. The suppressive effect of muscimol: (i) dissipated after several hours and was dependent on dose; (ii) was due to an elevation of the seizure threshold, since typical seizures could be elicited with electrical current far exceeding the threshold; and (iii) exhibited spatial specificity since muscimol injections 1 to 2 mm dorsal to the SN or into neocortex did not suppress the seizures.
The actions of muscimol were probably mediated by its GABA agonist properties, since microinjection of an irreversible inhibitor of GABA transaminase (y-vinyl GABA) into the area of the SN also suppressed kindled seizures.
Destruction of brainstem structures was produced by microinjection of the neurotoxin, N-methyl-D&-aspartate. Seizures were markedly suppressed in animals with bilateral destruction of the SN but not in animals in which the SN was spared bilaterally.
We interpret the data to indicate that the SN is the site at which the GABA agonists and lesions act to raise the threshold for kindled seizures. The suppression of limbic seizures indicates that this brainstem nucleus can regulate the intrinsic neuronal excitability of hemispheric sites.
Kindling, an animal model of temporal lobe epilepsy, is a phenomenon in which repeated administration of an initially subconvulsive electrical stimulus eventually results in intense limbic and generalized motor seizures (Goddard et al., 1969) . Once established, the kindling effect is permanent. rotransmitter GABA, into the SN decreased susceptibility to seizures produced by electroshock and chemoconvulsants. Therefore, we hypothesized t.hat the SN may also regulate the expression of motor seizures in the kindling model.
Anatomic delineation of the underlying neural network is a necessary first step to elucidating the basic cellular and molecular mechanisms of kindling. Myslobodsky et al. (1979) found that systemic administration of y-vinyl y-aminobutyric acid (y-vinyl GABA) (GVG), a GABA transaminase inhibitor, blocked the motor component of kindled seizures. Iadarola and Gale (1982) found that the substantia nigra (SN) appears to be a key site of GABA-mediated anticonvulsant action, since microinjection of muscimol, an agonist of the inhibitory neu-
We report here the results of pharmacologic and lesion experiments which test this hypothesis. A preliminary report of some of these results has been published (McNamara et al., 1983 tips ranged approximately 500 pm on either side of this level with the exception of animal 1 (bottom); the cannula on the right side of this animal was situated 1.2 mm rostra1 to this level. The data from these animals are presented in Table I . LM, medial lemniscus; SNR, substantia nigra, pars reticulata.
doses were compared in the same animals (Table II) . Suppression of both motor seizure and afterdischarge was obtained with both doses, but statistically significant effects were obtained only with the 50-ng dose. To determine whether the seizuresuppressant action of muscimol was unique to kindled seizures elicited from amygdala, we examined the effects of muscimol in animals kindled from lateral entorhinal cortex or olfactory structures (Table III) . Microinjection of muscimol into the region of the SN abolished motor seizures elicited from lateral entorhinal cortex (Fig. 3, bottom) and produced an 87% reduction in duration of motor seizures elicited from olfactory structures (Fig. 3, top) . Afterdischarges elicited from these sites were also dramatically attenuated. These suppressive effects were no longer detectable 24 hr following injection.
Additional evidence for the spatial specificity of the muscimol effect was obtained from three animals kindled from olfactory sites. At least one of the injection sites in each of these animals was situated dorsal or lateral to the SN (Fig. 3, middle) . These injections resulted in reductions of 33% and 38% of motor seizure and afterdischarge duration, respectively. This partial suppression was considerably less marked than that obtained with injections more directly involving the SN (Fig. 3, top) . Vol. 4, No. 9, Sept. 1984 Duration of seizure-suppressant action of muscimol. To assess the duration of action of muscimol, five animals which exhibited seizure suppression 30 min after muscimol injection received additional stimulations identical to the test stimulus at 30-, 60-, or 90-min intervals for up to 5 hr and another at 24 hr after muscimol injection. The muscimol effect disappeared in four of the animals between 2 and 5 hr after injection. A fifth animal responded with only brief (less than 13 set) afterdischarges at 30-min intervals for 5 hr; a response equivalent to the pretreatment seizure occurred 24 hr after injection. Limbic seizure activity returned before motor seizure activity in all five animals. These five as well as all other muscimol- Table   IV . LM, medial lemniscus; SNR, substantia nigra, pars reticulata.
treated animals exhibited seizures cqmparable to pretreatment seizures when tested 24 hr after injection. Effects of suprathreshold stimulation on muscimol suppression. The effect of muscimol consisted of an elevation of seizure threshold, since typical seizures could be elicited with electrical current exceeding the threshold. To assess this effect directly, a series of suprathreshold stimulations was administered to each of five animals (three kindled from olfactory structures and two from amygdala) immediately after an attenuated response had been detected following muscimol treatment. This series consisted of individual I-set trains of pulses identical to the test stimuli except that the current of each successive train was increased by approximately 15% over the preceding train. The interval between each train was approximately 30 sec. Three of the animals exhibited typical class 4 or 5 seizures; the remaining two exhibited afterdischarges of 27 and 63 set which were associated with walking around the cage with occasional forelimb clonus. The mean percentage of increase (? SEM) of current over the generalized seizure threshold required to elicit the seizures was 72 f 14% with a range from 38 to 119%. Muscimol suppressed motor seizures more effectively than afterdischarges, since every animal exhibited at least several seconds of afterdischarge at stimulus intensities below those required to elicit motor seizures.
Effect of microinjections of GVG on kindled seizures. GVG is an irreversible inhibitor of GABA transaminase (Lippert et al., 1977) . Microinjection of this drug has been demonstrated to increase GABA content in a subcellular fraction of the SN which contains nerve terminals (Iadarola and Gale, 1981) . To test the idea that the actions of muscimol were mediated by its GABA agonist properties, GVG was microinjected bilaterally (5 pg/side) into the region of the SN (Fig. 4) , and the animals were stimulated from the amygdala at specified intervals until the suppressive effect had dissipated (Table IV) . This treatment abolished motor seizures in each of the animals 24 hr after the injection. Afterdischarges were abolished in three of the animals and markedly suppressed in the other two after 24 hr. Microinjection of GVG (5 pg/side) bilaterally into the SN of one animal kindled from the olfactory tract resulted in a time course of seizure suppression similar to that of the amygdaloid kindled group (data not shown). These effects were not due to delayed effects of the injection procedure alone since microinjection of saline into the area of the SN in two animals did not suppress either afterdischarge or motor seizures elicited by stimulation 24 hr later (data not shown). The latency to onset of the suppressive effect and the time course of its reversal paralleled that of the increased GABA content following microinjection of GVG reported by Iadarola and Gale (1981) . The magnitude and duration of motor seizure suppression exceeded that of afterdischarge suppression. We did not examine the effects of microinjections of GVG into other brain regions on amygdaloid kindled seizures. These data support the idea that enhancement of GABA-mediated neurotransmission is the mechanism of seizure suppression.
Effects
of lesions on kindled seizures.
We postulated that the seizure-suppressant action of muscimol was mediated by reducing neuronal activity in the SN. This hypothesis was based on two observations: (1) the spatial selectivity of seizure-suppressing effects of muscimol suggested that the SN was the site of action of muscimol; and (2) iontophoretic application of muscimol inhibited unit activity in the SN (Waszczak et al., 1980) . This hypothesis predicts that destruction of the SN would suppress kindled seizures.
To test this postulate, we studied the effects of lesions produced with the neurotoxin, N-methyl-D,L-aspartate (Nadler et al., 1981), on kindled seizures. We divided the animals into three groups: animals with no SN destruction (group l), animals with unilateral SN destruction (group 2), and animals with bilateral SN destruction (group 3) (Table V) . Reconstructions of the lesions in representative animals from these three groups are depicted in Figure 5 . Motor seizures and afterdischarges after the lesion were suppressed by 81% and 71%, respectively, in animals with bilateral SN destruction compared to prelesion seizure durations. Animals with unilateral SN destruction exhibited suppression of motor seizures (30%) and afterdischarges (32%) which was less than that with bilateral destruction but exceeded that in which the SN was spared (21% suppression of motor seizures and 7% reduction of afterdischarges). The reductions after bilateral lesions were statistically significant (p < O.OOl), whereas reductions in neither of the other groups were significant (p > 0.05). The destruction of structures other than the SN in these cases warranted careful consideration of the potential role of these structures in seizure suppression. We examined the correlation between bilateral destruction of each structure listed in the legend of Figure 5 and total suppression of motor seizures. Motor seizure suppression correlated best with bilateral destruction of the SN. An effect due to destruction of the reticular formation situated between pars compacta of the SN and the medial lemniscus could not be excluded, since the destruction of this area in the lesion paralleled that of the SN. By contrast, the mamillary body and interpeduncular nucleus could be readily excluded since these structures were spared in all animals with seizure suppression. Destruction of the ventral tegmental area correlated less well with seizure suppression than did destruction of the SN. Among animals in which motor seizures were abolished, the SN was destroyed bilaterally in seven of eight animals, whereas the ventral tegmental area was destroyed bilaterally in five of eight. The results of these analyses were consistent with the idea that destruction of the SN was the factor responsible for seizure suppression.
The effect of SN destruction represented an increase in seizure threshold rather than an elimination of the ability to generate seizures. Additional stimuli equivalent to the test stimulus were administered at intervals of at least 1 hr to three animals in which motor seizures were abolished and brief or no afterdischarges were obtained. None of these subsequent stimuli elicited motor seizures, and the duration of afterdischarge elicited was 20 set or less. However, administration of an additional stimulus in which both current intensity and train duration were doubled resulted in long afterdischarges in all three animals (98, 70, and 42 set, respectively) accompanied by class 4 seizures in two of the three animals. Extensive destruction of the SN bilaterally was found in all three animals. 
SN spared bilaterally
Animals with lesions involving the SN exhibited behavioral abnormalities when examined on the day of test stimulation. All animals with either unilateral or bilateral destruction of the SN exhibited decreased locomotor activity. Chewing stereotypies were observed in half the animals with bilateral lesions but in none with unilateral lesions. Analysis of these behaviors in relation to seizure suppression indicated that reduced locomotor activity was not sufficient to mediate seizure suppression. Moreover, seizure suppression occurred in animals without chewing stereotypies. Thus, these behavioral consequences of the lesion do not appear sufficient to account for the seizure suppression observed.
Discussion
Two lines of evidence point to the SN as a crucial site responsible for seizure suppression:
(1) the spatial selectivity of microinjections of the GABA agonist, muscimol, together with the fact that the SN is the principal site of GABA receptors in ventral midbrain, and (2) the correlation between seizure suppression and neurotoxin-mediated destruction of the SN.
SN destroyed unilaterally
Precisely which neuronal constituents within the SN are responsible for the seizure-suppressant effect is unclear. The dopaminergic neurons of pars compacta are not likely to be involved, since neither dopamine receptor agonists nor antagonists suppress kindled seizures (Babington and Wedeking, 1973) . The much greater sensitivity to muscimol of neurons in pars reticulata than in pars compacta (Wasczak et al., 1980) supports pars reticulata as the key site. The pars reticulata also seems more likely in view of its extensive, often bilateral and often collateralized, projections to numerous thalamic and brainstem nuclei (Gerfen et al., 1982; Parent et al., 1983) ; these connections render it capable of modulating neuronal activity diffusely throughout the brain.
SN destroyed bilaterally I I 5mm
Speculation regarding the role of substantia nigra in kindled seizures. Our results suggest that reduction of neuronal activi&y within the SN underlies the seizure-suppressant effect. Injection of muscimol, which inhibits SN unit activity (Waszczak et al., 1980) , suppresses seizures. Destruction of SN also suppresses seizures. Indeed the presence of afterdischarge recorded from electrodes in the SN during limbic seizures (Wada and Sato, 1974; Wada et al., 1978) raises the possibility that the SN must exhibit increased and/or synchronized neuronal firing in order for seizures to occur. Table V . Nissl-stained serial coronal frozen sections were analyzed to determine the extent of the lesions. Only a representative section from each group is presented corresponding to the level A 2420 ym according to the stereotaxic atlas of Konig and Klippel(l963 The suppression of motor seizures is consistent with the idea that the SN transmits seizure information directly from rostra1 sites of origin to caudal motor targets. Alternatively, the SN could regulate other neuronal structures that propagate the seizure information.
The present findings extend previous observations that application of muscimol in the area of the SN suppresses motor seizures induced by electroshock and pentylenetetrazol (Iadarola and Gale, 1982) . The most striking finding of the present work is that focal application of muscimol and GVG to the SN can suppress limbic seizure activity including electrical afterdischarge at the site of stimulation.
If the SN is actively involved in limbic seizure generation, it is not simply transmitting or regulating transmission of seizure information from rostra1 sites of origin to caudal targets. Rather, this nucleus in the midbrain is regulating the intrinsic neuronal excitability of multiple sites in the cerebral hemispheres including lateral entorhinal cortex, amygdala, and olfactory structures.
